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ABSTRACT 
Terahertz radiation has unique properties that enable new functionalities for various imaging and 
sensing applications, such as security screening, bio sensing, medical imaging, and astronomical 
studies, etc. Despite great benefits that terahertz radiation can offer to these applications, high-
power terahertz transmitters and sensitive terahertz receivers are still in demand to realize practical 
terahertz systems.  
This PhD research focuses on high sensitivity terahertz receivers based on plasmonic 
photoconductors. Two types of terahertz receivers have been studied to achieve high terahertz 
detection sensitivity levels. The first type is photoconductive terahertz receivers, which are widely 
used for detecting terahertz pulses in time-domain terahertz spectroscopy systems. By utilizing 
plasmonic contact electrodes in photoconductive terahertz receivers, significantly higher detection 
sensitivities can be achieved compared to conventional photoconductive terahertz receivers that 
do not use plasmonic contact electrodes. The second type of terahertz receivers that have been 
studied is plasmonic heterodyne terahertz receivers, which can be used to detect continuous wave 
(CW) terahertz radiation and provide accurate intensity and frequency information simultaneously. 
A novel scheme for heterodyne terahertz receivers based on plasmonic photomixers is presented, 
which replaces the terahertz local oscillator of conventional heterodyne receivers with two 
wavelength tunable lasers to provide large dynamic range and broadband operation at room 
temperature.  
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CHAPTER 1  
Introduction 
1.1 Terahertz Radiation and its Applications 
Terahertz range covers the frequencies between microwave and infrared frequencies in the 
electromagnetic spectrum, covering the frequency range from 0.1 THz to 10 THz (3 mm to 30 μm 
in terms of wavelength range). Radiation in this frequency range has many unique properties, 
which can be utilized for a wide variety of applications and research fields [1 - 5]. First of all, 
many optically opaque materials are transparent or semitransparent at terahertz frequencies. The 
fact that terahertz waves can penetrate into most non-conductive materials (e.g. cloth, paper, plastic, 
ceramics and cardboard) yet blocked by metallic objects makes terahertz radiation useful for 
security screening and detecting hidden weapons. Additionally, terahertz waves can excite 
molecular and lattice vibrations, which gives many chemicals distinct absorption fingerprints in 
the terahertz region. This enables chemical sensing, explosive detection, pharmaceutical and 
industrial inspection through terahertz spectroscopy. Moreover, unlike X-ray, terahertz radiation 
is non-ionizing and non-destructive. Therefore, it is safe for medical imaging applications. In fact, 
terahertz imaging has been already used to diagnose early-stage tooth decay with higher accuracies 
compared to traditional X-ray technology. Furthermore, terahertz radiation has promising potential 
applications in wireless communication. Although high atmospheric absorption limits the use of 
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terahertz radiation for long distance communication, it can still be used for short-range and high-
altitude communication to achieve significantly higher data rates.  
1.2 Motivation 
Powerful terahertz transmitters and sensitive terahertz receivers are the most important 
components in all of the applications mentioned above. Unfortunately, conventional techniques 
used for generating and detecting microwave and infrared radiation do not operate efficiently at 
terahertz frequencies. This is because of frequency limitations of electronic devices based on 
transistors, which have cutoff frequencies of ~300 GHz [5], and frequency limitations of 
conventional semiconductor lasers restricted by the bandgap energy of natural materials. As a 
result, new techniques should be explored to develop high-performance terahertz transmitters and 
receivers in this spectral gap. 
Thanks to advancements in femtosecond lasers, short-carrier lifetime semiconductor materials and 
nanotechnology, significant progress has been made in terahertz generation and detection 
techniques. The first breakthrough happened in 1980, when David Auston and his co-workers 
demonstrated that photoconductors are capable of generating and coherently detecting picosecond 
electrical pulses [6]. This was followed by demonstration of terahertz generation by using optical 
rectification in 1983 [7] and photoconductive antennas in 1988 [8], inspiring researchers from 
different areas. From that time on, many terahertz generation and detection methods have been 
invented, offering terahertz transmitters and receivers with improved performance [9 - 25]. In this 
dissertation, a new generation of photoconductive terahertz receivers based on plasmonic contact 
electrodes will be introduced and demonstrated, which offers significantly higher detection 
sensitivity levels compared to conventional photoconductive terahertz receivers. Moreover, a new 
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generation of heterodyne terahertz receivers based on plasmonic photomixers will be presented 
and demonstrated, which offers significantly broader operation bandwidths and larger dynamic 
ranges compared to conventional heterodyne terahertz receivers.  
1.3 Summary of Contributions 
In this PhD dissertation, two types of high sensitivity terahertz receivers are being studied and 
discussed. The study of plasmonic photoconductive terahertz receivers results in a novel approach 
for improving terahertz detection sensitivity by incorporating plasmonic contact electrodes in 
photoconductive antennas. The research on plasmonic heterodyne terahertz receivers leads to a 
powerful scheme for extending the operation bandwidth and dynamic range of heterodyne 
terahertz receivers. For each type of terahertz receiver, prototype devices are designed, fabricated, 
and characterized to experimentally demonstrate their superior performance compared to the state-
of-the art. The main contributions described in this dissertation include: 
 Theoretical study and analysis of responsivity and noise performance of terahertz receivers 
based on photoconductors; 
 Specific design of plasmonic contact electrodes to enhance optical power absorption in 
active area of plasmonic photoconductors and photomixers and improve carrier 
concentration in close proximity to the device contact electrodes; 
 Specific design of various terahertz antennas integrated with plasmonic contact electrodes 
for efficient detection of an incident terahertz radiation; 
 Detailed fabrication and packaging of the prototypes plasmonic photoconductive terahertz 
receivers and plasmonic heterodyne terahertz receivers; 
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 Characterization of a prototype photoconductive terahertz receiver with plasmonic contact 
electrodes in comparison with a conventional photoconductive terahertz receiver without 
plasmonic contact electrodes in a time-domain terahertz spectroscopy setup and 
experimental demonstration of 30 fold detection sensitivity enhancement over 0.1-1.5 THz 
frequency band; 
 Characterization of plasmonic heterodyne terahertz receiver prototypes designed for 
operation at different terahertz frequency bands and experimental demonstration of large 
dynamic range and broadband operation at room temperature; 
1.4 Dissertation Outline 
This dissertation is arranged as follows:  
Chapter 1 introduces terahertz radiation and its applications, and explains motivation for research 
on pulsed and CW terahertz receivers with improved detection performance. It also states the key 
findings of this dissertation. 
Chapter 2 discusses the state-of-the-art terahertz receivers and compares advantages and 
disadvantages of each type of receiver for various applications. A special emphasis is given to 
photoconductive terahertz receivers and heterodyne terahertz receivers, which will be further 
discussed in later chapters. 
Chapter 3 describes the theoretical analysis of responsivity and noise performance of terahertz 
receivers based on photoconductors. The results of this analysis are used for optimizing the design 
of high sensitivity terahertz receivers based on plasmonic photoconductors.  
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Chapter 4 presents the novel idea of plasmonic photoconductive terahertz receivers for pulsed 
terahertz detection with enhanced detection sensitivity levels. Detailed design, fabrication and 
characterization of a prototype plasmonic photoconductive terahertz receiver are described and the 
device performance is compared with a conventional photoconductive terahertz receiver.  
Chapter 5 introduces the novel idea of plasmonic heterodyne terahertz receivers for detecting CW 
terahertz waves over a broad range of terahertz frequencies. Detailed design, fabrication and 
characterization of plasmonic heterodyne terahertz receivers are stated. Experimental results are 
presented and analyzed. 
Chapter 6 concludes this dissertation, provides a summary of key contributions, and gives 
suggestions for future research. 
 
 6 
 
 
CHAPTER 2 
State-of-the-Art Terahertz Receivers 
Existing terahertz receivers can be divided in four major categories based on their operation 
mechanism: Direct receivers, heterodyne receivers, electro-optic sampling receivers and 
photoconductive receivers [26 - 28]. 
2.1 Direct Terahertz Receivers 
This category of terahertz receivers are designed to directly sense the electric field or thermal 
energy associated with a received terahertz radiation. Bolometers [29], pyroelectric detectors [30], 
Golay cells [31, 32], Schottky diodes, and field-effect transistors are widely used as direct terahertz 
receivers. Direct terahertz receivers are easy to operate and can be easily incorporated in large 
focal plane arrays for various imaging applications [33]. Room-temperature direct terahertz 
receivers can provide noise equivalent power (NEP) values as low as 10-10-10-9 W/Hz1/2. On the 
other hand, cryogenic-cooled direct receivers (operating at temperatures below 4 K) can offer 
much higher detection sensitivity levels with NEP values of 10-13-5×10-17 W/Hz1/2 [28]. 
2.2 Heterodyne Terahertz Receivers 
Heterodyne terahertz receivers can provide intensity and frequency information of a received 
terahertz radiation and are widely used in sensing applications with high spectral resolution 
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requirement. A heterodyne terahertz receiver mixes a received terahertz signal with a reference 
local oscillator (LO) signal, down-converting it to an intermediate frequency (IF) signal, which 
can be accurately analyzed and detected by well-developed radio frequency (RF) instruments. This 
heterodyne detection process is illustrated in Figure 1. A mixer is used to mix the terahertz signal 
at fTHz with a local oscillator signal at fLO, generating an IF signal at fIF = | fTHz - fLO |. The IF signal 
is usually amplified by a low noise IF amplifier before next processing steps. Mixers and local 
oscillators are the key components in heterodyne terahertz receivers. Schottky diode mixers, 
superconductor-insulator-superconductor (SIS) mixers, and hot electron bolometer (HEB) mixers 
are the most commonly used mixers in existing heterodyne terahertz receivers [34 - 50]. 
 
Figure 1. Schematic diagram of a heterodyne terahertz receiver. 
Schottky diode mixers employ the nonlinear current-voltage (I-V) characteristic of Schottky 
barrier diodes to mix a terahertz signal with a local oscillator signal (Figure 2 (b)). Current at a 
Schottky barrier junction is the result of thermal emission, carrier tunneling and carrier generation-
recombination inside and outside of the Schottky depletion region (marked as 1, 2, 3 and 4 in 
Figure 2 (a)). The last two mechanisms can be neglected in terahertz Schottky diodes because of 
low concentration of holes inside and outside of the Schottky depletion region for recombination. 
In order to operate efficiently as terahertz mixers, Schottky diodes are forward biased to benefit 
from the exponential relation between the device current and bias voltage, Vb. In this regime, the 
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combination of the incident terahertz and local oscillator signals induces a voltage variation across 
the Schottky barrier. This results in an exponential increase or decrease in the device current, 
depending on the polarity and strength of the incident terahertz field with respect to the local 
oscillator field. A mixing product of the incident and local oscillator terahertz signals will be 
induced in the Schottky diode current, accordingly. The skin effect, charge inertia, dielectric 
relaxation, and plasma resonances can degrade the efficiency of Schottky diode mixers. The 
dominant noise sources in Schottky diode mixers are the Johnson Nyquist noise associated with 
the Schottky diode series resistance and the shot noise associated with hot electrons [37]. Although 
Schottky diode mixer operation up to 25 THz has been demonstrated, low noise Schottky diode 
mixer operation has been achieved in frequency ranges below 5 THz [35 - 38]. Schottky diode 
mixers can operate at room temperature and can offer higher sensitivities if cryogenically cooled. 
They can offer IF bandwidths of tens of gigahertz, however, they require relatively high local 
oscillator power levels of several milliwatts to provide acceptable sensitivities. 
 
Figure 2. (a) Band diagram of a forward-biased Schottky contact with an n-type semiconductor substrate; 
(b) I-V characteristic (linear scale) of a Schottky barrier diode.                                  
SIS mixers use SIS tunnel junctions as the mixing elements and can offer quantum-limited noise 
temperatures of 2hν/kT. A SIS tunnel junction is composed of two superconductors separated by a 
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thin insulating layer. The SIS mixer operation is based on photo-assisted tunneling of quasi-
particles through the insulating layer, as illustrated in Figure 3 (a). When a bias voltage Vb is 
applied to the junction, an energy shift of qVb is introduced between the Fermi levels of the two 
superconductors. No current flows if qVb is lower than the superconductor energy gap (2Δ). 
However, tunneling occurs if the junction is irradiated with photon energies higher than 2Δ - qVb, 
introducing a steep current rise as the number of photons increases (Figure 3 (b)). SIS mixers 
require cryogenic cooling below 5 K and modest local oscillator power levels of 40 – 100 μW to 
provide quantum-level sensitivities. However, their operation frequency has been limited to 1.6 
THz due to a reverse tunneling process at higher frequencies [39 - 44].  
 
Figure 3. (a) Band diagram of an SIS junction at an applied bias voltage and illustration of photon assisted 
tunneling; (b) I-V characteristic of a non-irradiated and irradiated barrier. 
HEB mixers use the nonlinear resistance-temperature characteristic of micro-bridge 
superconductors to mix a terahertz signal with a local oscillator signal. They consist of a 
superconductor micro-bridge integrated with a terahertz antenna, as shown in Figure 4 (a), and 
operate at the superconductor resistive state close to the transition temperature Tc. When the 
terahertz and local oscillator signals are coupled into the micro-bridge through the terahertz 
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antenna, the induced temperature changes switch the material state from superconducting to 
normal. This results in an abrupt change in the micro-bridge resistance. This transition is fast 
enough to track IF signals up to several GHz. This is because of fast electron diffusion cooling 
when using micro-bridge lengths shorter than the thermal diffusion length and fast phonon cooling 
when using micro-bridge lengths longer than the thermal diffusion length. A major advantage of 
HEB mixers is offering high detection sensitivities while requiring low local oscillator powers of 
1 – 2 μW. However, their major disadvantage is that they require cryogenic cooling for operation. 
 
Figure 4. (a) Simplified diagram of an HEB mixer; (b) Schematic diagram of a typical superconductor 
resistive transition. In the mixer mode, the micro-bridge is biased at R0 and Tc. 
Apart from mixers, local oscillators are another important components in heterodyne terahertz 
receivers. Optically pumped gas lasers are widely used as local oscillators in heterodyne receivers 
above 2 THz. Different terahertz gas lasers can offer radiation lines covering 150 GHz to 8 THz 
frequency range with output powers ranging from several microwatts up to several hundreds of 
milliwatts [38]. However, their limited frequency tunability prevents their usage in many 
applications. Multiplier-based sources are usually used as local oscillators below 2 THz and offer 
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sufficient output powers for pumping HEB and SIS mixers. However, the frequency tuning range 
of this category of sources is also limited for many spectroscopy applications.   
 
Figure 5. DSB noise temperature of demonstrated heterodyne terahertz receivers based on Schottky diode 
mixers, SIS mixers, and HEB mixers. 
Figure 5 shows a comparison between the double sideband (DSB) noise temperature of 
demonstrated heterodyne terahertz receivers based on Schottky diode, SIS, and HEB mixers [50]. 
One of the major limitations of all of these receivers is their narrow operation bandwidth, limited 
by the frequency tuning range of terahertz local oscillators and mixer parasitics. 
2.3 Electro-Optic Sampling Terahertz Receivers 
Electro-optic (EO) sampling is commonly used in time-domain terahertz spectroscopy systems for 
detecting pulsed terahertz radiation. Crystals with strong Pockels effect (e.g. LiTaO3, LiNbO3, and 
ZnTe), which become birefringent under an applied electric field, are used for this purpose. An 
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incident terahertz electric field is measured by monitoring polarization changes in a probe optical 
beam in response to the incident terahertz electric field.  
 
Figure 6. Schematic diagram of an exemplary electro-optic sampling terahertz receiver. 
Figure 6 shows an exemplary setup for an EO sampling terahertz receiver. Femtosecond pulses 
from a mode-locked laser are used to pump a pulsed terahertz emitter. The generated terahertz 
pulses are focused onto an EO crystal for detection. A fraction of the laser beam, used as the probe 
beam, is also focused onto the EO crystal while overlapping with the focused terahertz beam. The 
incident terahertz field modifies the polarization state of the probe beam. Variations in the 
polarization state of the probe beam are monitored by using a Wollaston prism followed by two 
balanced photodetectors connected to a lock-in amplifier. The output signal is a measure of rotation 
in the polarization of the probe beam and the incident terahertz field, accordingly. By tuning the 
time-delay between the generated terahertz pulses and probe beam, the temporal waveform of the 
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terahertz electric field is measured. The temporal resolution and bandwidth of the EO sampling 
receiver depends on the laser pulse duration, material properties and crystal thickness. Compared 
to photoconductive terahertz receivers, EO sampling can offer a more broadband operation. 
2.4 Photoconductive Terahertz Receivers 
Similar to EO sampling receivers, photoconductive terahertz receivers are usually used in time-
domain terahertz spectroscopy systems for detecting terahertz pulses. They consist of an ultrafast 
photoconductor pumped by femtosecond laser pulses. To achieve high detection sensitivities, the 
photoconductors should have short carrier lifetime and high resistivity properties. Photo-generated 
carriers inside the photoconductor substrate are drifted by an incident terahertz electric field to be 
detected, inducing a photocurrent. The induced photocurrent I(t) is proportional to the time integral 
of the product of the terahertz electric field E(t) and the total number of the photo-generated 
carriers N(t): 𝐼(𝑡) ∝ ∫ 𝐸(𝑡′)𝑁(𝑡′ − 𝑡)𝑑𝑡′
+∞
−∞
. Therefore, the induced photocurrent is proportional 
to the incident terahertz electric field for photoconductive receivers with ultra-short carrier lifetime 
substrates. By tuning the time-delay between the incident terahertz beam and pump beam, the 
temporal waveform of the terahertz electric field is measured. Compared to EO sampling receivers, 
photoconductive receivers can offer superior detection sensitivity at lower terahertz frequencies. 
At higher frequencies, the detection sensitivity of photoconductive receivers degrades due to 
bandwidth limitations of terahertz antennas, limited carrier drift velocities, and photoconductor 
parasitics. Characteristics of photoconductive terahertz receivers will be further discussed in the 
following chapters. 
2.5 Conclusion 
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Significant progress has been made toward enhancing detection sensitivity of various terahertz 
receivers. However, existing terahertz receivers have not yet provided high detection sensitivity 
levels, large dynamic ranges, and broad operation bandwidths required for many applications 
within a low-cost and compact system platform. Therefore, new terahertz detection schemes are 
needed to address the limitations of existing terahertz receivers. In this PhD dissertation, novel 
designs of photoconductive terahertz receivers with plasmonic contact electrodes and new schemes 
for heterodyne terahertz receivers based on plasmonic photomixers are presented and their superior 
performance in enhancing terahertz detection sensitivity and bandwidth is demonstrated. 
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CHAPTER 3 
Analysis of Responsivity and Noise of Terahertz Receivers 
based on Photoconductors 
Before discussing high sensitivity terahertz receivers based on photoconductors, a thorough 
analysis of responsivity and noise performance of photoconductive terahertz receivers is presented 
in this chapter. The tradeoff between low-noise and high-responsivity operation of 
photoconductive terahertz receivers is investigated as a function of device parameters and 
operational settings. 
3.1 Evaluation Parameters of Terahertz Receivers based on Photoconductors 
Performance of terahertz receivers based on photoconductors can be evaluated by parameters such 
as responsivity, signal-to-noise ratio (SNR), noise equivalent power (NEP) and noise temperature. 
Responsivity (R) of a photoconductive terahertz receiver is defined as the ratio of the detected 
photocurrent (𝐼𝑝ℎ) to the incident terahertz power (𝑃𝑇𝐻𝑧): 
𝑅 =
𝐼𝑝ℎ
𝑃𝑇𝐻𝑧
                                                                 (1) 
Noise of a photoconductive terahertz receiver includes Johnson-Nyquist noise, shot noise, and 
flicker noise, and is usually quantified by the root-mean-square (RMS) of the noise current. 
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Johnson-Nyquist noise, which is also called thermal noise, is the result of random motion of 
carriers with average energy of kBT, contributing to the dark current of the device. The noise 
current is given by 
𝑖𝑛−𝑁𝑦𝑞𝑢𝑖𝑠𝑡 = √
4𝑘𝐵𝑇∆𝑓
𝑅𝑠
                                                  (2) 
where 𝑘𝐵 is the Boltzmann’s constant, 𝑇 is the receiver’s operation temperature in kelvins, ∆𝑓 is 
the receiver’s bandwidth and 𝑅𝑠 is the resistance of the photoconductor. Johnson-Nyquist noise is 
unavoidable. 
Shot noise results from random fluctuations of electric current when charge carriers transverse a 
gap. Shot noise in photoconductive receivers is related to the induced photocurrent and can be 
calculated by 
𝑖𝑛−𝑆ℎ𝑜𝑡 = √2𝑞𝐼𝑝ℎ∆𝑓                                                  (3) 
where q is the element charge of an electron. 
Flicker noise arises from surface/interface defects and/or traps in photoconductive substrate and 
has a spectral noise current inversely proportional to the square root of the photocurrent frequency. 
Therefore, low Flicker noise levels can be maintained by modulating the output photocurrent of 
photoconductive terahertz receivers at high frequencies.    
Therefore, signal-to-noise ratio (SNR) of a photoconductive terahertz receiver can be calculated 
as the ratio of the induced photocurrent to the noise current 
𝑆𝑁𝑅 =
𝑖𝑝ℎ
√𝑖𝑛−𝑁𝑦𝑞𝑢𝑖𝑠𝑡
2+𝑖𝑛−𝑆ℎ𝑜𝑡
2
                                          (4) 
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Noise-equivalent-power (NEP) and noise temperature are two measures of the receivers’ 
sensitivity. Both of them express the minimum detectable power by the receivers. NEP is defined 
as the minimum power that a receiver can detect in a one hertz output bandwidth. Noise 
temperature is used to express the minimum detectable power spectral density in terms of 
temperature (in kelvins). NEP and noise temperature of a photoconductive terahertz receiver are 
expressed as 
𝑁𝐸𝑃 =
𝑃𝑚𝑖𝑛
√∆𝑓
                                                              (5) 
𝑇 =
𝑃𝑚𝑖𝑛
𝑘𝐵∆𝑓
                                                                  (6) 
where 𝑃𝑚𝑖𝑛 is the minimum detectable power by the receiver.  
3.2 Responsivity and Noise Analysis of Terahertz Receivers based on 
Photoconductors 
In a photoconductive terahertz receiver, the photocurrent 𝐼𝑝ℎ is induced as a result of diffused and 
drifted photo-generated carriers. In the presence of a terahertz electric field, the diffusion 
photocurrent is much weaker than the drift photocurrent and can be neglected. To have a more 
accurate analysis of the responsivity and noise performance of photoconductive terahertz receivers, 
two general photoconductive receiver architectures, symmetrically pumped (Figure 7 (a)) and 
asymmetrically pumped (Figure 7 (b)) architectures, are analyzed separately. Both architectures 
consist of a photoconductor integrated with a terahertz antenna. The photoconductor is pumped by 
a pulsed or heterodyned optical pump to detect a pulsed or CW terahertz radiation, respectively. 
While the optical pump illuminates the entire photo-absorbing semiconductor region between 
photoconductor contact electrodes in the symmetric receiver architecture, the optical pump is 
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tightly focused onto a photo-absorbing semiconductor region near one of the photoconductor 
contact electrodes in the asymmetric receiver architecture. With the illumination of the optical 
pump, electron-hole pairs are generated inside the photo-absorbing substrate. Meanwhile, when 
an incident terahertz radiation is received by the terahertz antenna, it induces a terahertz electric 
field in the photoconductor active region and drifts the photo-generated carriers to the 
photoconductor contact electrodes. This generates an output photocurrent, which is proportional 
to the intensity of the received terahertz electric field. 
 
Figure 7. Schematic diagram of (a) a photoconductive receiver symmetrically pumped by the optical 
pump, (b) a photoconductive receiver asymmetrically pumped by the optical pump. Inset shows the 
equivalent circuit model of both symmetrically pumped and asymmetrically pumped photoconductive 
receivers. 
Here the continuous-wave terahertz detection is used to derive all the parameters. This analysis 
can be easily extended to a continuous span of frequencies to evaluate the performance of 
photoconductive terahertz receivers in pulsed terahertz detection. 
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Assume a heterodyne optical pump is employed with its frequency difference set at the frequency 
of the continuous-wave terahertz radiation to be detected, offering an optical pump power envelope 
of 
𝑃𝑜𝑝𝑡 = 𝑃0 + 𝑃𝜔𝑠𝑖𝑛(𝜔𝑡)                                              (7) 
where 𝜔  is the angular frequency difference of the heterodyned optical pump, 𝑃0  is the DC 
component of the envelope of the optical pump, and 𝑃𝜔  is the frequency component of the 
envelope of the optical pump at the angular frequency 𝜔. 
3.2.1 Symmetrically pumped terahertz receivers based on photoconductors 
In the case of the symmetrically pumped photoconductive receivers (Figure 7 (a)), if the pump 
photons have a uniform intensity across the photoconductor active area and are uniformly absorbed 
within the absorption depth, the density of electrons, n, and holes, p, generated within the 
photoconductor active region can be calculated from [56, 68, 69] 
𝑑𝑛
𝑑𝑡
=
𝜂𝑒𝛼
ℎ𝜈.𝑤𝑔𝑤𝑒
(𝑃0 + 𝑃𝜔𝑠𝑖𝑛⁡(𝜔𝑡)) −
𝑛
𝜏𝑛
                                         (8)        
𝑑𝑝
𝑑𝑡
=
𝜂𝑒𝛼
ℎ𝜈.𝑤𝑔𝑤𝑒
(𝑃0 + 𝑃𝜔𝑠𝑖𝑛⁡(𝜔𝑡)) −
𝑝
𝜏𝑝
                                        (9)                                                                                   
where hv is the element energy of the pump photons, e is the photoconductor external quantum 
efficiency (number of generated electron-hole pairs per each incident photon),  is the absorption 
coefficient of the pump photons in the photo-absorbing semiconductor, n and p are lifetimes of 
electrons and holes in the semiconductor, wg is the gap between photoconductor contact electrodes, 
and we is the width of the photoconductor active region. Therefore, photo-generated carrier density 
inside the photoconductor active region can be calculated as [70] 
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𝑛(𝑡) =
𝜂𝑒𝛼𝜏𝑛
ℎ𝜈.𝑤𝑔𝑤𝑒
𝑃0 [1 +
𝑃𝜔𝑠𝑖𝑛(𝜔𝑡+𝜑𝑛(𝜔))
𝑃0√1+𝜔2𝜏𝑛2
]                                   (10) 
𝑝(𝑡) =
𝜂𝑒𝛼𝜏𝑝
ℎ𝜈.𝑤𝑔𝑤𝑒
𝑃0 [1 +
𝑃𝜔𝑠𝑖𝑛(𝜔𝑡+𝜑𝑝(𝜔))
𝑃0√1+𝜔2𝜏𝑝2
]                                   (11) 
where n() = tan-1(1/n) and p() = tan-1(1/p).  Assuming the photo-generated carrier density 
inside the photoconductor active region is higher than the intrinsic carrier density of the photo-
absorbing semiconductor, the photoconductor conductance can be derived from the calculated 
photo-generated carrier density [70, 71] 
𝐺𝑝(𝑡) =
𝜂𝑒𝑞𝜏𝑛𝜇𝑛
ℎ𝜈.𝑤𝑔2
𝑃0 [1 +
𝑃𝜔 𝑠𝑖𝑛(𝜔𝑡+𝜑𝑛(𝜔))
𝑃0√1+𝜔2𝜏𝑛2
] +
𝜂𝑒𝑞𝜏𝑝𝜇𝑝
ℎ𝜈.𝑤𝑔2
𝑃0 [1 +
𝑃𝜔 𝑠𝑖𝑛(𝜔𝑡+𝜑𝑝(𝜔))
𝑃0√1+𝜔2𝜏𝑝2
]     (12) 
where q is the electron charge, n and p are electron and hole mobilities, respectively.  
The equivalent circuit model of the photoconductive receiver is shown in Figure 7 inset, where RA 
and XA are the antenna radiation resistance and reactive components (including inductance of bias 
line), respectively, Cp is the photoconductor capacitance, and 𝑉𝑜𝑐(𝜔) is the open circuit voltage 
induced at the antenna terminal in response to the incident terahertz radiation. Using the equivalent 
circuit model of the photoconductive receiver, the induced photocurrent in the photoconductor can 
be calculated as  
𝐼𝑝−𝑠𝑦𝑚(𝑡) = [
𝜂𝑒𝑞𝜏𝑛𝜇𝑛
ℎ𝜈.𝑤𝑔2
𝑃0 [1 +
𝑃𝜔 𝑠𝑖𝑛(𝜔𝑡+𝜑𝑛(𝜔))
𝑃0√1+𝜔2𝜏𝑛2
] +
𝜂𝑒𝑞𝜏𝑝𝜇𝑝
ℎ𝜈.𝑤𝑔2
𝑃0 [1 +
𝑃𝜔 𝑠𝑖𝑛(𝜔𝑡+𝜑𝑝(𝜔))
𝑃0√1+𝜔2𝜏𝑝2
]]  
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⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡×
𝑉𝑜𝑐𝑠𝑖𝑛(𝜔𝑡+𝜑0)
1+(𝑅𝐴+𝑗𝑋𝐴)(𝐺𝑝(𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅+𝑗𝜔𝐶𝑝)
                                                                                     (13)      
where 𝐺𝑝(𝑡)̅̅ ̅̅ ̅̅ ̅ is the average value of the photoconductor conductance. Ultimately, responsivity of 
the photoconductive receiver (defined as the receiver output current divided by the received 
terahertz power) is determined by the average photocurrent induced at the optimum phase 
adjustment between the optical pump and incident terahertz radiation.  
The output noise current of the symmetrically pumped photoconductive receivers is determined 
by the photoconductor Johnson-Nyquist noise for a fully symmetric photoconductor. Accordingly, 
the root mean square value of the receiver output noise current is determined by the average 
photoconductor conductance:     
𝑖𝑛−𝑠𝑦𝑚 = √4𝑘𝐵𝑇𝐺𝑝(𝑡)̅̅ ̅̅ ̅̅ ̅∆𝑓 = √
4𝑘𝐵𝑇
[
ℎ𝜈.𝑤𝑔
2
𝜂𝑒𝑞(𝜏𝑛𝜇𝑛+𝜏𝑝𝜇𝑝)𝑃0
]
∆𝑓                           (14) 
The tradeoff between the low-noise and high-responsivity operation of the symmetrically pumped 
photoconductive receivers can be analyzed by using Eqs. 13 and 14. While long-carrier lifetime 
photo-absorbing semiconductors offer higher receiver responsivity levels, short-carrier lifetime 
photo-absorbing semiconductors are more suitable for low-noise receiver operation. If the 
photoconductor exhibits an impedance larger than the antenna impedance (𝑅𝐴 < 1 𝐺𝑝(𝑡)̅̅ ̅̅ ̅̅ ̅⁄ ), which is 
the case of the heterodyne receiver shown in this work, the major portion of the induced terahertz 
voltage at the antenna terminal will appear across the photoconductor active region. In this state, 
reducing the gap between the photoconductor contact electrodes and increasing the optical pump 
power offer higher receiver responsivity levels but lead to higher receiver noise currents. On the 
other hand, if the photoconductor exhibits an impedance much smaller than the antenna impedance 
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(𝑅𝐴 ≫ 1 𝐺𝑝(𝑡)̅̅ ̅̅ ̅̅ ̅⁄ ), a small portion of the induced terahertz voltage at the antenna terminal will appear 
across the photoconductor active region. In this state, reducing the gap between the photoconductor 
contact electrodes and increasing the optical pump power do not enhance the receiver responsivity, 
but increase the receiver output noise current.  
3.2.2 Asymmetrically pumped terahertz receivers based on photoconductors 
Similar analysis can be used to calculate the conductance and induced photocurrent of the 
asymmetrically pumped photoconductive receivers (Figure 7 (b)). If the pump photons have a 
uniform intensity within a distance di from one of the photoconductor contact electrodes and are 
uniformly absorbed within the absorption depth, 1/, photoconductor conductance can be 
determined by the conductance of the un-illuminated semiconductor area between the 
photoconductor contact electrodes, Gp-dark, and the conductance of the optically illuminated 
semiconductor area between the photoconductor contact electrodes, Gp-light,  
𝐺𝑝(𝑡) = [
1
𝐺𝑝−𝑙𝑖𝑔ℎ𝑡(𝑡)
+
1
𝐺𝑝−𝑑𝑎𝑟𝑘
]
−1
                                   (15) 
where  
𝐺𝑝−𝑙𝑖𝑔ℎ𝑡(𝑡) =
𝜂𝑒𝑞𝜏𝑛𝜇𝑛
ℎ𝜈.𝑑𝑖
2 𝑃0 [1 +
𝑃𝜔 𝑠𝑖𝑛(𝜔𝑡+𝜑𝑛(𝜔))
𝑃0√1+𝜔2𝜏𝑛2
] +
𝜂𝑒𝑞𝜏𝑝𝜇𝑝
ℎ𝜈.𝑑𝑖
2 𝑃0 [1 +
𝑃𝜔 𝑠𝑖𝑛(𝜔𝑡+𝜑𝑝(𝜔))
𝑃0√1+𝜔2𝜏𝑝2
]        (16) 
Using the equivalent circuit model of the photoconductive receiver, the induced photocurrent in 
the photoconductor can be calculated as  
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𝐼𝑝−𝑎𝑠𝑦𝑚(𝑡) =
{
  
 
  
 
𝜂𝑒𝑞𝜏𝑛𝜇𝑛
ℎ𝜈.𝑑𝑖.𝑤𝑔
𝑃0 [1 +
𝑃𝜔 𝑠𝑖𝑛(𝜔𝑡+𝜑𝑛(𝜔))
𝑃0√1+𝜔2𝜏𝑛2
]
𝑉𝑜𝑐𝑠𝑖𝑛(𝜔𝑡+𝜑0)
1+(𝑅𝐴+𝑗𝑋𝐴)(𝐺𝑝(𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅+𝑗𝜔𝐶𝑝)
⁡⁡𝑠𝑖𝑛(𝜔𝑡 + 𝜑0) ≥ 0
⁡
⁡
𝜂𝑒𝑞𝜏𝑝𝜇𝑝
ℎ𝜈.𝑑𝑖.𝑤𝑔
𝑃0 [1 +
𝑃𝜔 𝑠𝑖𝑛(𝜔𝑡+𝜑𝑝(𝜔))
𝑃0√1+𝜔2𝜏𝑝2
]
𝑉𝑜𝑐𝑠𝑖𝑛(𝜔𝑡+𝜑0)
1+(𝑅𝐴+𝑗𝑋𝐴)(𝐺𝑝(𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅+𝑗𝜔𝐶𝑝)
⁡⁡𝑠𝑖𝑛(𝜔𝑡 + 𝜑0) < 0⁡
  
(17) 
Consequently, the photoconductor responsivity is determined by the average photocurrent induced 
at the optimum phase adjustment between the optical pump and incident terahertz radiation.  
The output noise current of the asymmetrically pumped photoconductive receivers is determined 
by the photoconductor Johnson-Nyquist noise, as well as the photoconductor shot noise [79, 80]. 
The photoconductor shot noise cannot be neglected in this case, due to a non-zero diffusion 
photocurrent induced at the receiver output, in the absence of the incident terahertz radiation. The 
average diffusion photocurrent induced in the absence of the incident terahertz radiation can be 
calculated as 
𝐼𝑑𝑖𝑓𝑓 =
𝑞𝜂𝑒
ℎ𝜈.𝑑𝑖
𝑃0(√𝜏𝑛𝐷𝑛 −√𝜏𝑝𝐷𝑝)                                       (18)  
where 𝐷𝑛 =𝜇𝑛𝑘𝑇 𝑞⁄  and 𝐷𝑝 =𝜇𝑝𝑘𝑇 𝑞⁄  are electron and hole diffusion constants in the photo-
absorbing semiconductor, respectively. Therefore, the RMS value of the receiver output noise 
current, calculated from the Johnson-Nyquist noise current, in-Nyquist, and shot noise current, in-shot, 
contributions, is given by 
𝑖𝑛−𝑎𝑠𝑦𝑚 = √𝑖𝑛−𝑁𝑦𝑞𝑢𝑖𝑠𝑡2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + 𝑖𝑛−𝑆ℎ𝑜𝑡2̅̅ ̅̅ ̅̅ ̅̅ ̅̅                                     (19) 
 where  
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𝑖𝑛−𝑁𝑦𝑞𝑢𝑖𝑠𝑡 = √4𝑘𝐵𝑇𝐺𝑝(𝑡)̅̅ ̅̅ ̅̅ ̅∆𝑓 = √
4𝑘𝐵𝑇
[
ℎ𝜈.𝑑𝑖
2
𝜂𝑒𝑞(𝜏𝑛𝜇𝑛+𝜏𝑝𝜇𝑝)𝑃0
+
1
𝐺𝑝−𝑑𝑎𝑟𝑘
]
∆𝑓                     (20) 
𝑖𝑛−𝑆ℎ𝑜𝑡 = √2𝑞𝐼𝑑𝑖𝑓𝑓∆𝑓 = √
2𝑞2𝜂𝑒
ℎ𝜈.𝑑𝑖
𝑃0(√𝜏𝑛𝐷𝑛 −√𝜏𝑝𝐷𝑝)⁡∆𝑓                         (21)  
The tradeoff between the low-noise and high-responsivity operation of the asymmetrically pumped 
photoconductive receivers can be analyzed using Eqs. 19, 20 and 21. Similar to the symmetrically 
pumped photoconductive receivers, long-carrier lifetime photo-absorbing semiconductors are 
more suitable for high-responsivity operation and short-carrier lifetime photo-absorbing 
semiconductors are more suitable for low-noise operation. The asymmetric illumination of the 
photoconductor active region helps maintaining an average photoconductor impedance much 
larger than the antenna impedance (𝑅𝐴 ≪ 1 𝐺𝑝(𝑡)̅̅ ̅̅ ̅̅ ̅⁄ ). This enables the major portion of the induced 
terahertz voltage at the antenna terminal to appear across the photoconductor active region. 
Therefore, increasing the optical pump power enables enhancing the receiver responsivity, but 
leads to higher receiver output noise current. Moreover, reducing the gap between the 
photoconductor contact electrodes offers higher receiver responsivity levels without a negative 
impact on the receiver output noise current. 
3.2.3 Comparisons of symmetrically and asymmetrically pumped terahertz receivers based 
on photoconductors 
In order to compare the performance of the symmetrically pumped and asymmetrically pumped 
photoconductive terahertz receiver architectures, photoconductive terahertz receivers based on 
GaAs and InGaAs substrates are analyzed. GaAs and InGaAs are the most commonly used photo-
absorbing substrates for operation at near-infrared and telecommunication optical pump 
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wavelengths, respectively. While a long-carrier lifetime photo-absorbing semiconductor can be 
used for both pulsed and continuous-wave device operation, short-carrier lifetime photo-absorbing 
semiconductors are usually required for continuous-wave device operation to prevent any 
undesired destructive interferences in the output of the receiver. In order to evaluate the impact of 
the carrier lifetime on the receiver performance, semi-insulating GaAs (SI-GaAs) and un-doped 
InGaAs are considered as photo-absorbing semiconductors with long-carrier lifetime and low-
temperature grown GaAs (LT-GaAs) and ErAs-doped InGaAs (ErAs:InGaAs) are considered as 
photo-absorbing semiconductors with short-carrier lifetime. The physical parameters of the 
semiconductors employed in this analysis are listed in Table 1.  
Substrate τ [s] μn[cm2/(V·s)] μp [cm2/(V·s)] ρ [Ω·cm)] 
SI-GaAs [74] 1.2×10-9 5600 350 5.2×107 
LT-GaAs [78] 2×10-13 200 12.5 107 
Un-doped InGaAs [75, 77]  3.1×10-7 11000 250  0.025 
ErAs:InGaAs [76] 2×10-13 490 19.6 340 
 
Table 1. Carrier lifetime (τ), electron mobility (μn), hole mobility (μp), and substrate resistivity (ρ), of the 
photo-absorbing semiconductors used for comparing the performance of symmetrically pumped and 
asymmetrically pumped photoconductive terahertz receivers [74 - 78]. We assume a 500 μm-thick SI-
GaAs substrate and 1 μm-thick LT-GaAs, un-doped InGaAs, and ErAs:InGaAs layers grown on lattice-
matched substrates.   
The responsivity and output noise current of the symmetrically pumped and asymmetrically 
pumped photoconductive terahertz receivers based on the listed photo-absorbing photoconductors 
are calculated as a function of the optical pump power and device geometry. An antenna radiation 
resistance of RA = 70 Ω and a photoconductor active region width of we = 10 μm are assumed for 
the calculations. While a uniform optical pump illumination is considered for the entire 
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photoconductor active region of the symmetrically pumped receivers, an optical pump spot size of 
di = 5 μm is assumed for the asymmetrically pumped receivers.  
 
Figure 8. Responsivity of the symmetrically pumped and asymmetrically pumped photoconductive 
terahertz receivers based on (a) SI-GaAs, (b) LT-GaAs, (c) un-doped InGaAs, and (d) ErAs:InGaAs 
photo-absorbing substrates at 1 THz. 
Figure 8 shows the responsivity of the symmetrically pumped and asymmetrically pumped 
photoconductive receivers at 1 THz. At the same optical pump power and for the same 
photoconductor geometry, the asymmetrically pumped photoconductive receivers offer higher 
responsivity levels compared to the symmetrically pumped photoconductive receivers. This is 
because of the higher concentration of the photo-generated carriers near the photoconductor 
contact electrode in the asymmetric receiver architecture. A straightforward way to increase the 
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photocarrier concentration near the contact electrodes of the symmetrically pumped 
photoconductive receivers is employing smaller semiconductor gap between photoconductor 
contact electrodes. However, as we will explain in the next section, smaller semiconductor gap 
between photoconductor contact electrodes could lead to higher output noise currents in 
symmetrically pumped photoconductive receivers.  
Another advantage of the asymmetrically pumped photoconductive receiver architecture is that it 
makes it easy to maintain high photoconductor impedance levels, even at high optical pump power 
levels. This allows increasing receiver responsivity at high optical pump power levels and 
achieving large receiver dynamic ranges. As illustrated in Figure 8 (a) and 8 (c), the symmetrically 
pumped photoconductive receivers based on SI-GaAs and un-doped InGaAs do not offer large 
dynamic ranges. This is because of the dramatic reduction in the photoconductor impedance when 
illuminating the entire semiconductor gap between the photoconductor contact electrodes, 
reducing the induced terahertz voltage across the photoconductor active region. Therefore, 
although photocarrier concentration levels increase at higher optical pump power levels, the severe 
reduction in the induced terahertz voltage across the photoconductor active region prevents 
achieving high responsivity levels at high optical pump powers.   
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Figure 9. Output noise current of the symmetrically pumped and asymmetrically pumped 
photoconductive terahertz receivers based on (a) SI-GaAs, (b) LT-GaAs, (c) un-doped InGaAs, and (d) 
ErAs:InGaAs photo-absorbing substrates at 1 THz. 
Figure 9 shows the output noise current of the symmetrically pumped and asymmetrically pumped 
photoconductive receivers at 1 THz. The Johnson-Nyquist noise and shot noise are the dominant 
noise sources for the symmetrically pumped and asymmetrically pumped photoconductive 
receivers, respectively. Therefore, while reducing the semiconductor gap between the 
photoconductor contact electrodes increases the output noise current of the symmetrically pumped 
photoconductive receivers, it does not have any negative impact on the noise performance of the 
asymmetrically pumped photoconductive receivers. Moreover, independent of the 
photoconductive receiver architecture, short-carrier lifetime semiconductors offer lower output 
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noise currents compared to long-carrier lifetime semiconductors. This is because of the higher 
impedance levels and lower DC responsivity levels of the photoconductors based on short-carrier 
lifetime semiconductors.  
 
Figure 10.  Relative signal-to-noise ratio of the symmetrically pumped and asymmetrically pumped 
photoconductive terahertz receivers based on (a) SI-GaAs, (b) LT-GaAs, (c) un-doped InGaAs, and (d) 
ErAs:InGaAs photo-absorbing substrates at 1 THz. 
The signal-to-noise ratio of the symmetrically pumped and asymmetrically pumped 
photoconductive receivers is calculated using the responsivity and noise data. Figure 10 shows the 
signal-to-noise ratio of the symmetrically pumped and asymmetrically pumped photoconductive 
receivers at 1 THz. The results indicate that the symmetrically pumped photoconductive receiver 
architecture offers higher signal-to-noise ratios for the photoconductive receivers based on short-
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carrier lifetime semiconductors due to their superior noise performance. The results also indicate 
that the asymmetrically pumped photoconductive receiver architecture offers higher signal-to-
noise ratios for the photoconductive receivers based on long-carrier lifetime semiconductors due 
to their superior responsivity performance. If the photoconductor exhibits an impedance level 
much smaller than the antenna radiation resistance (e.g. the symmetrically pumped 
photoconductive receivers based on SI-GaAs and un-doped InGaAs), increasing the optical pump 
power leads to lower signal-to-noise ratios. Otherwise, higher signal-to-noise ratios are achieved 
at higher optical pump power levels.  
3.3 Conclusion 
In conclusion, we have analyzed the performance of the photoconductive terahertz receivers with 
symmetrically pumped and asymmetrically pumped receiver architectures and investigated the 
responsivity and noise performance of each receiver architecture as a function of various device 
parameters and operational settings. Our analysis shows that increasing the optical pump power 
does not necessarily offer higher signal-to-noise ratios and its impact is determined by the 
photoconductive receiver architecture, geometry and the photo-absorbing semiconductor. 
Moreover, our analysis indicates that the highest signal-to-noise ratios are offered by the 
symmetrically pumped and asymmetrically pumped receiver architectures for the photoconductive 
receivers based on short-carrier lifetime and long-carrier lifetime semiconductors, respectively.  
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CHAPTER 4 
High Sensitivity Photoconductive Terahertz Receivers based 
on Plasmonic Contact Electrodes 
Photoconductive terahertz receivers are extensively used in time-domain and frequency-domain 
terahertz imaging and spectroscopy systems for various applications, such as chemical sensing, 
product quality control, medical imaging, bio-sensing, pharmaceutical analysis, and security 
screening, etc. A photoconductive terahertz receiver consists of an ultrafast photoconductor 
pumped by a pulsed optical pump. The ultrafast photoconductor is integrated with a terahertz 
antenna, which receives incident terahertz radiation and induces a terahertz electric field across 
the photoconductor contact electrodes. Terahertz detection is the result of the induced terahertz 
field drifting photo-generated carriers inside the photoconductor active region, generating an 
output photocurrent proportional to the intensity of the incident terahertz field. The inherent 
tradeoff between high quantum efficiency and ultrafast operation of conventional photoconductors 
has severely limited the detection sensitivity of conventional photoconductive terahertz receivers. 
To address the quantum efficiency limitation of ultrafast photoconductors, we present a new type 
of photoconductive receiver that enables high quantum efficiency and ultrafast operation, 
simultaneously. This new type of photoconductive receiver incorporates plasmonic contact 
electrodes to manipulate the distribution of the photo-generated carriers inside the photoconductor 
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active region and enhance carrier concentration in close proximity with photoconductor contact 
electrodes. By reducing the carrier transport path to the photoconductor contact electrodes, the 
number of the drifted carriers to the photoconductor contact electrodes within a sub-picosecond 
time-scale is increased significantly, offering higher detection sensitivities of the incident terahertz 
radiation. We also experimentally demonstrate that incorporating plasmonic gratings in the contact 
electrodes of a conventional photoconductive terahertz receiver offers a 30 fold enhancement in 
the terahertz detection sensitivity over 0.1-1.5 THz frequency range.  
4.1 Design of Photoconductive Terahertz Receiver based on Plasmonic 
Contact Electrodes 
To evaluate the impact of plasmonic contact electrodes in enhancing the detection sensitivity of 
photoconductive terahertz receivers, we have characterized the performance of a conventional 
photoconductive terahertz receiver before and after incorporating plasmonic contact electrodes.  
Figure 11 (a) shows the schematic diagram and operation concept of the conventional 
photoconductive terahertz receiver used in this study. The receiver consists of an ultrafast 
photoconductor with 30 μm contact electrode width and 10 μm contact electrode spacing. The 
ultrafast photoconductor is integrated with a 60 μm long bowtie antenna with maximum and 
minimum widths of 100 μm and 30 μm, respectively, on a low-temperature grown GaAs substrate. 
The receiver is mounted on a silicon lens, which helps focusing the incident terahertz radiation 
onto the device. When a terahertz beam is incident on the receiver, a terahertz electric field, ETHz, 
is induced across photoconductor contact electrodes, which drifts the photocarriers generated upon 
incidence of an optical pump. This generates an output photocurrent, Iout, which follows the 
envelope of the received terahertz field. For high sensitivity terahertz detection, the optical pump 
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is focused onto the photoconductive gap asymmetrically close to one of the photoconductor contact 
electrodes. Asymmetric optical excitation enhances the photocarrier concentration in close 
proximity to the photoconductor contact electrode with the highest induced terahertz electric field 
levels and, thus, the output photocurrent. However, due to the relatively low drift velocity of 
carriers in the photo-absorbing substrate, a small portion of the photocarriers can reach the 
photoconductor contact electrodes within a sub-picosecond time-scale, limiting the terahertz 
detection sensitivity of the conventional photoconductive terahertz receiver. 
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Figure 11. Schematic view and operation concept of comparable (a) conventional and (b) plasmonic 
photoconductive terahertz receivers, used for evaluating the impact of plasmonic contact electrodes on the 
photoconductive terahertz receiver performance. 
Figure 11 (b) shows the schematic diagram and operation concept of the plasmonic 
photoconductive terahertz receiver, designed to increase the detection sensitivity of the 
conventional photoconductive terahertz receiver, by incorporating plasmonic gratings in the 
photoconductor contact electrodes. The plasmonic contact electrode gratings (200 nm pitch, 100 
nm spacing, and 45 nm thick Au and 5 nm Ti gratings in this case) are designed to allow excitation 
of surface plasmon waves along the nanoscale gratings in response to a TM-polarized incident 
optical pump at 800 nm wavelength. Excitation of the surface plasmon waves enables transmission 
of more than 70% of the optical pump into the nanoscale semiconductor active regions between 
the plasmonic contact electrode gratings, as illustrated in Figure 12 (a). Moreover, since the excited 
surface plasmon waves are tightly confined at the metal-semiconductor interface, the optical pump 
intensity is further enhanced in close proximity to the Au contact electrodes, as illustrated in Figure 
12 (b). Therefore, the average transport path of the photo-generated carriers to the photoconductor 
contact electrodes is significantly reduced compared to the case of the conventional 
photoconductive terahertz receiver, leading to a significant increase in the number of the drifted 
carriers to the photoconductor contact electrodes in a sub-picosecond time-scale. Therefore, while 
the output photocurrents of the plasmonic and conventional photoconductive receivers both follow 
the envelope of the received terahertz field, significantly larger output photocurrents will be 
offered by the plasmonic photoconductive detector under the same incident terahertz intensities. 
An additional advantage of the presented plasmonic photoconductive receiver in comparison with 
conventional photoconductive receivers is that the device active area can be increased by extending 
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the length of the plasmonic contact electrodes, without a considerable increase in photoconductor 
capacitive parasitics. Increasing the photoconductor active area enables mitigating the carrier 
screening effect and optical breakdown at high optical pump power levels. Therefore, this design 
flexibility is helpful to enhance the highest achievable detection responsivity and sensitivity by 
increasing the optical pump power. 
   
Figure 12. Optical power transmission and carrier concentration of the designed plasmonic gratings, 
simulated in COMSOL simulator. (a) Optical power transmission through the designed plasmonic contact 
electrodes with 200 nm pitch, 100 nm spacing, 45 nm thick Au and 5 nm thick Ti gratings, and 150 nm 
SiO2 passivation layer into the active region of the plasmonic photoconductive receiver (blue curve) and 
its comparison with optical power transmission into the active region of the conventional photoconductive 
receiver (red curve). (b) Absorption of a 800 nm optical pump (y-polarized) inside the LT-GaAs substrate 
at the plasmonic contact electrodes cross section, indicating optical absorption enhancement in close 
proximity with the plasmonic contact electrodes. 
4.2 Photoconductive Terahertz Receiver Prototypes Fabrication 
 36 
 
Prototypes of comparable conventional and plasmonic photoconductive terahertz receivers (Figure 
13) were fabricated on the same LT-GaAs substrate. Using electron beam lithography, the 
plasmonic gratings were first patterned, followed by deposition of Ti/Au (50/450 Ȧ) and liftoff. A 
1500 Ȧ SiO2 passivation layer was then deposited using plasma enhanced chemical vapor 
deposition. Using optical photolithography and dry plasma etching, contact vias were etched 
through the SiO2 layer. Finally, the antennas, bias lines, and vias were patterned using optical 
lithography, followed by Ti/Au (100/4000 Ȧ) deposition and liftoff. Figure 13 shows the 
microscope image of the conventional and plasmonic photoconductive receiver prototypes as well 
as the scanning electron microscope (SEM) image of the plasmonic contact electrode gratings of 
the plasmonic photoconductive receiver prototype. The conventional and plasmonic 
photoconductive terahertz receiver prototypes were then mounted on the same silicon lens and 
characterized under the same operation conditions. 
 
Figure 13. Microscope image of the fabricated (a) conventional and (b) plasmonic photoconductive 
receivers, as well as the SEM image of the plasmonic contact electrode gratings incorporated in the 
plasmonic photoconductive receiver. 
4.3 Experimental Results and Discussions 
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The performance of the conventional and plasmonic photoconductive receiver prototypes in 
response to an incident radiation from a commercially available photoconductive terahertz emitter 
(iPCA-21-05-1999-800-h) was characterized in a time-domain terahertz spectroscopy setup 
(Figure 14). A Ti: Sapphire mode-locked laser with 200 fs pulses at 800 nm wavelength and 76 
MHz repetition rate was used for pumping the photoconductive terahertz emitter and the 
photoconductive terahertz receiver prototypes at the same time. First, the beam from the Ti: 
Sapphire mode-locked laser was split into a pump beam and a probe beam. Next, the pump and 
probe beams were focused onto the photoconductive terahertz emitter and receiver prototypes, 
respectively. The emitted radiation from the photoconductive terahertz emitter was modulated by 
controlling bias voltage of the terahertz emitter, and subsequently focused onto the 
photoconductive terahertz receiver prototypes by using two polyethylene spherical lenses. Finally, 
the output current of the photoconductive terahertz receiver prototypes was measured by a lock-in 
amplifier with the terahertz radiation modulation reference. By inserting a controllable optical 
delay line in the optical pump path, the time delay between the optical probe and terahertz pulses 
was varied, and the time-domain output photocurrent of the photoconductive terahertz receiver 
prototypes was measured accordingly. To achieve the highest output photocurrent levels from the 
photoconductive receiver prototypes, the optical pump spot was focused asymmetrically onto the 
photoconductive gap and the optical pump polarization was set along the x-axis and y-axis for the 
conventional and plasmonic photoconductive receivers, respectively. Each measurement was 
repeated for various optical pump spot positions along the photoconductive gap until the highest 
output photocurrent level was achieved for each receiver prototype.  
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Figure 14. Time-domain spectroscopy setup to characterize the conventional and plasmonic 
photoconductive terahertz receiver prototypes. 
The measured time-domain output photocurrent of the conventional and plasmonic 
photoconductive terahertz receivers, pumped by a 50 mW optical beam, is shown in Figure 15 (a). 
While the output photocurrent of both photoconductive terahertz receivers follow the envelope of 
the received electric field from the photoconductive terahertz emitter used in the terahertz 
spectroscopy setup, 30 times higher output photocurrent levels are achieved by using the 
plasmonic photoconductive terahertz receiver. The frequency-domain output photocurrent of the 
photoconductive terahertz receiver prototypes, obtained by calculating the Fourier transform of 
the measured time-domain output photocurrents, is shown in Figure 15 (b). The calculated output 
photocurrent spectra indicate that the 30 fold output photocurrent enhancement offered by the 
plasmonic photoconductive terahertz receiver is maintained over 0.1-1.5 THz frequency range. 
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Figure 15. Measured output photocurrent of the conventional and plasmonic photoconductive receiver 
prototypes in the (a) time-domain and (b) frequency-domain. 
To compare the terahertz detection sensitivity of the conventional and plasmonic photoconductive 
receiver prototypes, their output current noise levels were evaluated. The output current noise of 
each photoconductive receiver prototype was calculated by measuring its output photocurrent 
spectra in the time-domain terahertz spectroscopy setup, while blocking the incident terahertz 
radiation from the photoconductive terahertz emitter. Figure 16 (a) shows the output current noise 
of the conventional and plasmonic photoconductive receiver prototypes at a 50 mW optical pump 
power, indicating similar output current noise spectra for the conventional and plasmonic 
photoconductive receiver prototypes. The same output noise level for the conventional and 
plasmonic photoconductive receiver prototypes is due to the dominance of the Johnson–Nyquist 
noise rather than the photoconductor Shot noise in both photoconductive receiver prototypes.  
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Figure 16. Output current noise evaluations for conventional and plasmonic photoconductive terahertz 
receiver prototypes. (a) The output current noise of the conventional and plasmonic photoconductive 
receiver prototypes at 50 mW optical pump power, (b) The output noise level of the plasmonic 
photoconductive receiver and (c) the conventional photoconductive receiver at various optical pump 
power levels ranging from 10 mW to 80 mW. 
To further evaluate this hypothesis, the output current noise of the plasmonic and conventional 
photoconductive receivers were measured at various optical pump power levels ranging from 10 
mW to 80 mW, as shown in Figure 16 (b) and Figure 16 (c). The measured output noise levels of 
the plasmonic and conventional photoconductive receiver prototypes show no dependence on the 
optical pump power levels over the 10 – 80 mW pump power range, validating the dominance of 
the Johnson–Nyquist noise (rather than photoconductor Shot noise) in the device operation regime. 
Since both photoconductive receiver prototypes have the same output current noise levels, the 30 
fold responsivity enhancement offered by the plasmonic photoconductive receiver enables 
achieving 30 times higher detection sensitivities over the 0.1-1.5 THz frequency band. 
4.4 Conclusion 
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In conclusion, a photoconductive terahertz receiver based on nanoscale plasmonic contact 
electrode gratings is presented and experimentally demonstrated. The presented plasmonic 
photoconductive receiver addresses the quantum efficiency limitation of ultrafast photoconductors 
by significantly enhancing the concentration of the photo-generated carriers in close distances 
from photoconductor contact electrodes. Experimental results demonstrate that more than 30 times 
higher terahertz detection sensitivities can be achieved by a plasmonic photoconductive terahertz 
receiver compared to comparable photoconductive terahertz receivers without plasmonic contact 
electrodes over 0.1-1.5 THz. The terahertz detection sensitivity enhancement offered by plasmonic 
photoconductive receivers in combination with the terahertz radiation power enhancement offered 
by plasmonic photoconductive emitters would have a significant impact on future time-domain 
and frequency-domain terahertz imaging and spectroscopy systems by offering substantially 
higher signal-to-noise ratio levels. 
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CHAPTER 5 
High Sensitivity Heterodyne Terahertz Receivers based on 
Plasmonic Photomixers 
Heterodyne terahertz receivers have extensive usage in communication, sensing and imaging 
applications due to their high spectral resolution and high sensitivity [34, 101 - 102]. A 
conventional heterodyne terahertz receiver consists of a terahertz mixer that mixes a received 
terahertz signal at fTHz with a local oscillator signal at fLO to generate an intermediate frequency 
(IF) signal at |fTHz – fLO| (Figure 17 (a)). By an appropriate choice of the local oscillator frequency, 
the IF signal falls in the RF frequency range, where it can be easily processed and detected by RF 
electronics. Schottky diode mixers, superconductor-insulator-superconductor (SIS) mixers and hot 
electron bolometer (HEB) mixers are the most commonly used mixers in conventional heterodyne 
terahertz receivers [34]. While conventional heterodyne terahertz receivers offer high spectral 
resolution and high detection sensitivity levels at cryogenic temperatures, their operation 
bandwidth and room-temperature sensitivity is limited by narrow frequency tunability and low 
radiation power of terahertz local oscillators. To address this limitation, we present a new 
heterodyne terahertz detection scheme based on plasmonic photomixing (Figure 17 (b)). The 
presented design replaces terahertz mixer and local oscillator of conventional heterodyne terahertz 
receivers with a plasmonic photomixer pumped by an optical local oscillator. The optical local 
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oscillator consists of two wavelength-tunable continuous-wave optical lasers with a terahertz 
frequency difference. As a result, the detection bandwidth and sensitivity of the presented 
heterodyne receiver is not limited by radiation frequency and power restrictions of conventional 
terahertz sources. 
 
Figure 17. Block diagram of (a) conventional heterodyne terahertz receivers and (b) heterodyne terahertz 
receivers based on plasmonic photomixers. 
In this chapter, different designs of heterodyne terahertz receivers based on plasmonic photomixers 
will be discussed. Different terahertz receiver prototypes are designed, fabricated, and 
characterized. The experimental results indicate the unique capabilities of the new heterodyne 
receiver concept in offering large dynamic ranges and broad operation bandwidths at room 
temperature. 
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5.1 First Generation Heterodyne Terahertz Receiver based on a Plasmonic 
Photomixer with a Dipole Antenna 
As the first proof of concept prototype, a heterodyne terahertz receiver based on a plasmonic 
photomixer integrated with a dipole antenna is designed, fabricated and characterized. This is our 
first generation heterodyne terahertz receiver based on a plasmonic photomixer. 
5.1.1 Design of the first generation heterodyne terahertz receiver based on a plasmonic 
photomixer with a dipole antenna 
 
Figure 18. Schematic diagram and operation concept of the heterodyne terahertz receiver based on 
plasmonic photomixing. 
Figure 18 shows the schematic diagram and operation concept of the first generation heterodyne 
terahertz receiver. It consists of a plasmonic photomixer fabricated on a photo-absorbing substrate, 
pumped by an optical local oscillator. The optical local oscillator is provided by two continuous-
wave optical sources at fopt1 and fopt2 frequencies. Therefore, the concentration of photo-generated 
carriers, which follows the intensity envelope of the optical pump beam, has a sinusoidal temporal 
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variation with |fopt1 – fopt2| frequency. The photomixer is integrated with a terahertz antenna such 
that an incident terahertz beam induces a terahertz electric field across the photomixer plasmonic 
contact electrodes, drifting the photo-generated carriers. The resulting photocurrent, which 
consists of both diffusion and drift photocurrent components, contains an IF output at frequency 
|fTHz – |fopt1 – fopt2| |. By an appropriate choice of the optical frequencies, the IF output falls in the 
RF frequency range. Therefore, the intensity and spectral information of the incident terahertz 
radiation are determined by measuring the intensity and spectral information of the IF output. 
 
Figure 19. Finite-element (COMSOL) simulation results of (a) optical power transmission through the 
plasmonic electrodes at different wavelengths, (b) optical pump power absorption inside the photo-
absorbing substrate. 
A proof-of-concept heterodyne receiver is designed for operation at 0.1 THz frequency range. 
Plasmonic gold gratings (200 nm pitch, 100 nm spacing, and 50 nm height) with a 300 nm thick 
of silicon nitride anti-reflection coating are used as the photomixer plasmonic contact electrodes. 
This allows transmission of ~85% of a TM-polarized optical pump beam at ~784 nm wavelength 
through the plasmonic contact electrodes into the LT-GaAs substrate (Figure 19). Since optical 
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transmission through the plasmonic gratings is accompanied by excitation of surface plasmon 
waves, a large fraction of the photo-generated carriers is concentrated in close proximity to the 
contact electrode [86 - 87]. By reducing the average transport path distance of the photo-generated 
carriers to the contact electrodes, high quantum efficiencies and terahertz-to-IF conversion 
efficiencies are achieved. 
 
Figure 20. Terahertz dipole antenna design using HFSS simulations. (a) The full-wavelength dipole 
antenna integrated with the plasmonic grating electrodes and an IF transmission line with a terahertz 
choke. (b) Real (solid curve) and imaginary (dashed line) parts of the antenna impedance. (c) Induced 
voltage at the input port of the antenna between the anode and cathode gratings. The incident radiation 
has a linear polarization along the dipole arms and is incident from the back side of the substrate. 
A full-wavelength dipole antenna with a 0.1 THz resonance frequency is designed to efficiently 
couple an incident terahertz beam at 0.1 THz to the plasmonic photomixer (Figure 20). A terahertz 
choke is connected to the plasmonic contact electrodes to route the IF photocurrent out of the 
plasmonic photomixer [105]. It is made up of four alternating high-impedance and low-impedance 
quarter-wavelength transmission lines and is designed to provide a high resistance and low 
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reactance loading to the terahertz antenna at 0.1 THz while keeping a 50 Ω impedance at GHz-
range IF frequencies. 
5.1.2 Characterization of the first generation heterodyne terahertz receiver based on a 
plasmonic photomixer with a dipole antenna 
The first generation heterodyne terahertz receiver is fabricated on a LT-GaAs substrate. The 
fabrication process starts with two groups of 30 μm × 30 μm  plasmonic gratings, separated by 1 
μm, patterned by electron beam lithography, followed by Ti/Au (5/45 nm) deposition and liftoff. 
A 300 nm thick of Si3N4 anti-reflection coating layer is then deposited using plasma enhanced 
chemical vapor deposition. Then contact vias are patterned by optical photolithography and etched 
through the Si3N4 layer by dry plasma etching. Finally, the antenna, transmission line, and terahertz 
choke are patterned using optical photolithography, followed by Ti/Au (50/400 nm) deposition 
and liftoff. Figure 21 shows the microscope image of the first generation prototype heterodyne 
terahertz receiver with a dipole antenna and the scanning electron microscope (SEM) image of the 
plasmonic contact electrode gratings. 
 
Figure 21. Microscope image of the first generation heterodyne terahertz receiver prototype based on a 
plasmonic photomixer with a dipole antenna and the scanning electron microscope (SEM) image of the 
plasmonic contact electrodes. 
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The first generation heterodyne terahertz receiver prototype is characterized in response to 
radiation from a Gunn oscillator in W-band (Millitech GDM-10) and its IF output is monitored on 
a spectrum analyzer. Figure 22 shows the experimental setup. The outputs of two wavelength-
tunable, distributed-feedback (DFB) lasers with 783 nm and 785 nm center wavelengths 
(TOPTICA #LD-0783-0080-DFB-1 and #LD-07835-0080-DFB-1) are combined and amplified to 
provide the optical pump beam with a tunable beating frequency from 0 to 2 THz. A pellicle is 
placed along the optical beam path to monitor the optical pump spectrum by an optical spectrum 
analyzer. The polarization of the optical pump beam and the Gunn Oscillator radiation are set to 
be perpendicular to the plasmonic gratings and along the dipole antenna axis, respectively. 
 
Figure 22. Experimental setup used for characterizing the heterodyne terahertz receiver prototypes. 
For the first proof of concept, the radiation from the Gunn oscillator is set to be at around 97 GHz. 
Figure 23 shows the observed IF spectrum, while tuning the beating frequency of the optical pump 
lasers from 95.5 GHz to 98.5 GHz. The results illustrate the simplicity of frequency scanning 
through the designed plasmonic heterodyne receiver.  
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Figure 23. IF spectrum measurements while tuning the optical pump beating frequency of the first 
generation heterodyne terahertz receiver  
Similar to the conventional heterodyne terahertz receivers, the detection sensitivity of the 
presented heterodyne terahertz receiver based on plasmonic photomixers is dependent on the 
optical local oscillator power level. Figure 24 shows the dependence of the measured IF power 
and noise power levels on the optical pump power level. As expected, the IF power level has a 
quadratic relation with the optical pump power level (Figure 24 (a)). This is because the IF current 
is linearly proportional to the photo-generated carrier density, which is linearly proportional to the 
optical pump power level. Also, since the presented photomixer is symmetrically pumped, the 
dominant noise mechanism is Johnson-Nyquist noise. As a result, the noise current has a square-
root relation with the photoconductive material’s conductivity, which is linearly proportional to 
the photo-generated carrier concentration. Therefore, the noise power level is linearly proportional 
to the optical pump power level, as shown in Figure 24 (b). 
In conclusion, the detection sensitivity of the presented heterodyne terahertz received based on 
plasmonic photomixers can increase as the optical pump power increases. At a 500 mW optical 
pump power, the first generation heterodyne terahertz receiver prototype offers up to 68 dB signal-
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to-noise ratio at room temperature (Figure 25 (a)). Moreover, the linearity of the first generation 
heterodyne terahertz receiver prototype is characterized by using a fully-calibrated W-band 
attenuator to attenuate the incident radiation on the receiver. The measurement results indicate a 
high linearity response with respect to the incident terahertz power level over more than 50 dB 
range (Figure 25 (b)). 
 
Figure 24. Characterization of the detection sensitivity of the first generation heterodyne terahertz 
receiver based on a plasmonic photomixer with a dipole antenna. (a) The IF power level has a quadratic 
dependence on the optical pump power level; (b) the noise power level has a linear dependence on the 
optical pump power level. 
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Figure 25. (a) Signal-to-noise ratio of the first generation heterodyne receiver prototype at a 500 mW 
optical pump power. (b) Dynamic range of the heterodyne receiver at a 300 mW optical pump power. 
Another important characteristic of the presented heterodyne receiver concept is that it can offer 
high spectral resolution. This is because the spectral resolution of the presented heterodyne 
receiver is directly determined by the linewidth and stability of the optical pump beams. In order 
to characterize the spectral resolution of the first generation heterodyne terahertz receiver, a Ti: 
sapphire mode-locked laser is used as the optical local oscillator, as shown in Figure 26. The Ti: 
sapphire mode-locked laser used for this measurement has a stable repetition rate of 75 MHz in 
the time-domain, providing a stable frequency comb in the frequency-domain with a 75 MHz 
separation between two adjacent comb lines. Any comb line pair that has a frequency separation 
of ~97 GHz can serve as a pump for the heterodyne receiver and generate an IF signal at ~1 GHz. 
By monitoring the IF signal on a spectrum analyzer, an IF linewidth of ~2 kHz is measured under 
the 75 MHz frequency comb pump beam (Figure 27), implying a spectral resolution of 2 KHz for 
the first generation heterodyne terahertz receiver prototype. 
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Figure 26. Experimental setup for characterizing the spectral resolution of the first generation heterodyne 
terahertz receiver. 
 
 
Figure 27. Measured IF spectrum while using a narrow-linewidth Ti:sapphire mode-locked laser to pump 
the heterodyne terahertz receiver. 
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5.2 Second Generation Heterodyne Terahertz Receiver based on a Plasmonic 
Photomixer with a Logarithmic Spiral Antenna 
Inspired by the successful demonstration of the first generation heterodyne terahertz receiver based 
on a plasmonic photomixer integrated with a dipole antenna, a second generation heterodyne 
terahertz receiver based on a plasmonic photomixer integrated with a logarithmic spiral antenna is 
designed for broadband operation. 
5.2.1 Design of the second generation heterodyne terahertz receiver based on a plasmonic 
photomixer with a logarithmic spiral antenna 
 
Figure 28. Schematic diagram of the second generation heterodyne terahertz receiver based on a 
plasmonic photomixer integrated with a logarithmic spiral antenna. 
The second generation heterodyne terahertz receiver is composed of a heterodyne photomixer with 
plasmonic contact electrode gratings integrated with a logarithmic spiral antenna, as shown in 
Figure 28. The spiral antenna is designed to have an inner radius of 5 μm and an outer radius of 
303 μm. The plasmonic gratings cover an active area of 8 μm × 8 μm and consist of gold electrodes 
with 50 nm thickness, 200 nm pitch, and 100 nm spacing. A 300 nm thick silicon nitride layer is 
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used as an anti-reflection coating. This design of plasmonic gratings can provide a high optical 
power transmission (~ 85%) and a strong plasmonic enhancement when excited by a TM polarized 
optical pump beam at 784 nm wavelength. 
5.2.2 Characterization of the second generation heterodyne terahertz receiver based on a 
plasmonic photomixer with a logarithmic spiral antenna 
A prototype of the second generation heterodyne terahertz receiver based on a plasmonic 
photomixer with a logarithmic spiral antenna is fabricated on a LT-GaAs substrate (Figure 29) and 
characterized in the same optical setup shown in Figure 22. 
 
Figure 29. Scanning electron microscope (SEM) images of the second generation heterodyne terahertz 
receiver based on a plasmonic photomixer with a logarithmic spiral antenna. 
This second generation heterodyne terahertz receiver is characterized in response to continuous-
wave radiations at 0.1 THz and 0.55 THz, respectively. A gunn oscillator is used to provide the 
continuous-wave radiation at around 0.1 THz, and a chain of frequency multipliers are connected 
to the output of the Gunn oscillator to provide continuous-wave radiation up to 0.55 THz. The 
results indicate broadband terahertz detection in the 0.1 – 0.55 THz frequency range (Figure 30). 
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Figure 30. Characterization of the second generation heterodyne terahertz receiver prototype based on a 
plasmonic photomixer with a logarithmic spiral antenna. The red curves show the measured IF power at 1 
GHz, and the blue curves show the background noise in the absence of the incident terahertz radiation, 
under optical local oscillator illumination. The measured spectra at 0.1 THz and 0.55 THz are shown in 
(a) and (b), respectively.   
The broad operation bandwidth of the second generation heterodyne terahertz receiver prototype 
is characterized by use of a WR9.0 modular amplifier / multiplier chain (AMC) made by Virginia 
Diode Inc. (VDI), which up-converts the frequency of a synthesizer to provide CW terahertz 
radiation from 82 GHz to 750 GHz. Figure 31 (a) shows the measured IF power at different 
frequency ranges and Figure 31 (b) shows the radiation power of the VDI WR9.0 AMC module 
provided by the manufacturer. The measurement results indicate a relatively linear relation 
between the measured IF power and incident terahertz power over a broad terahertz frequency 
range. Fluctuations in the measured IF power are due to the fluctuations in the synthesizer output 
power fed to the VDI WR9.0 AMC module. This is also evident from the fact that the measured 
IF spectra remain unchanged over all of the measured frequency bands. 
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Figure 31. Characterization of the bandwidth of the second generation plasmonic heterodyne terahertz 
receiver prototype over 80-750 GHz by use of a VDI WR9.0 modular amplifier / multiplier chain. The 
measured IF power plotted in logarithmic scale and the output power from the VDI AMC module, 
provided by the manufacturer [118], are shown in (a) and (b), respectively. 
5.3 Conclusion 
A novel architecture for heterodyne terahertz receivers based on plasmonic photomixers is 
presented, which replaces the terahertz local oscillator and mixer of conventional heterodyne 
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terahertz receivers with an optical local oscillator and plasmonic photomixer, respectively. As a 
result, the bandwidth and sensitivity of the presented heterodyne terahertz receiver is not limited 
by the narrow frequency tunability and low output power of existing terahertz sources. Two 
generations of receivers are designed and characterized to experimentally demonstrate the large 
dynamic range and broadband operation bandwidth offered by the presented heterodyne terahertz 
receiver architecture.  
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CHAPTER 6 
Conclusions and Future Work 
Two types of high sensitivity terahertz receivers based on plasmonic photoconductors are studied 
and significant performance enhancement compared to the state-of-the-art is demonstrated. It is 
experimentally demonstrated that incorporating plasmonic contact electrodes in photoconductive 
terahertz receivers reduces the transport path length of the majority of the photocarriers to the 
contact electrodes, enabling high quantum efficiency and ultrafast operation simultaneously. 
Additionally, a new scheme for implementing heterodyne terahertz receivers is presented, which 
replaces the terahertz local oscillator and mixer used in conventional heterodyne terahertz 
receivers with two wavelength-tunable optical sources and a plasmonic photomixer, respectively. 
As a result, the performance of the presented heterodyne terahertz receivers is not affected by the 
low radiation power and limited frequency range of existing terahertz sources and the limited 
operation bandwidth of existing terahertz mixers. Two prototype heterodyne terahertz receivers 
based on plasmonic photomixers are designed for operation at different terahertz frequency ranges, 
fabricated and characterized, indicating significantly broader operation bandwidths and dynamic 
ranges offered by the presented plasmonic heterodyne terahertz receiver concept. 
To further improve the performance of the terahertz receivers based on plasmonic photoconductors, 
the terahertz coupling efficiency is a very important factor that needs to be enhanced. In this regard, 
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using large area device architectures or terahertz antenna arrays are potential ways that can 
significantly enhance terahertz wave coupling to the plasmonic terahertz receivers. Another 
possible direction worth exploring is use of terahertz waveguides. A carefully-designed tapered 
waveguide connected to a horn antenna can significantly enhance terahertz wave coupling to the 
plasmonic terahertz receivers. 
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